. The efect of cations on the peptidase activity of crude extracts towards diglycine
The incubation mixtures (I ml) contained diglycine (7.5 mM) and either potassium phosphate pH 7-5 (20 mM) or tris-HC1 pH 7 -9 (20 mM); crude extract was added to give approximately 15 pg proteinlml with Co2+ (upper part of Table) , 75 pg proteinlml with Mn2+ (lower part of Table) , and amounts up to 15oopg proteinlml with other cations. All salts were supplied as chlorides apart from ZnSO,. Peptidase activity was assayed as described in the Methods. Activities of 100% correspond to 4-8 and 0.85 pmol glycine released/min/mg protein for Co2+ (upper part of Table) and Mn2+ (lower part of Table) respectively. P, potassium phosphate; T, tris-HC1.
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Growth of bacteria and preparation of crude extracts
For most studies here, Esclzerichia coli B (MRE strain 160) was grown in a chemostat under conditions of carbon limitation at a dilution rate of 0.18 h-I, and harvested at ES4,, = 10.3 (dry wt 4.4 mg/ml). In one case batch culture was used. Both these procedures are described elsewhere (Payne, 1972) . The strains employed and batch growth of E. coli w and K I~ have been described previously (Payne, 1971 a) . Bacteria were disrupted, and crude extracts were prepared as described elsewhere (Payne, 1972) . Protein concentrations were kindly determined by Dr H. E. Wade by an automated Folin-Ciocalteu procedure (Wade & Phillips,
Peptidase assay
The procedure of Binkley, Leibach & King (1968) , employing trinitrobenzene sulphonate (TNBS) was used. In this method, the presence of Cu2+ in the reagent solution effectively prevents reaction of the TNBS with the peptide a-amino group while allowing its reaction with the a-amino groups of the amino acids liberated by peptidase hydrolysis. It therefore has the advantage over most assays employing ninhydrin that the peptide ' blank' values are low. In exploring the optimum conditions for peptidase action, the individual components of the incubation mixture were varied widely as shown in the Results section. However, a standard incubation mixture of I ml comprised: peptide, 7-5 mM; Co2+ or Mn2+, I mM; EDTA, 0-25 mM; buffer, 20 mM; and crude extract containing, when diglycine was substrate, approximately 15 pg proteinlml with Co2+ or 75 pg proteinlml with Mn2+, and approximately five times these amounts of protein when using divaline or prolylglycine. The reaction was started by the addition of protein to the test mixture previously equilibrated to 37 "C and incubation was continued at this temperature. At zero time, and at three or four intervals thereafter up to 80 min, samples (0.1 ml) were removed and added to the TNBS-Cu2+ reagent solution (4-5 ml). These were incubated at 37 "C for exactly 20 min when hydrochloric acid (I 1.6 M, 0.1 ml) was immediately added, the solutions were mixed and the E420 were recorded. Calibration curves for the amino acid constituents of the peptides were prepared by similar procedures. Proline does not react with TNBS under the above assay conditions, and when prolylglycine was used as substrate the total concentration of amino acid released was therefore taken as twice the value obtained for glycine.
1971). R E S U L T S
The peptidase activity of crude extracts The peptidase activities (expressed as pmol amino acid released/min/mg of protein) of crude extracts measured in incubation mixtures containing peptide (7.5 mM) and either potassium phosphate pH 7-5 (20 mM) or tris-HCl pH 7.9 (20 mM) respectively were 0.012 and 0.018 with diglycine, 0.018 and 0.003 with divaline and 0.004 and 0.003 with prolylglycine. When dialysed extracts were used, the activities were unchanged.
The efect of cations on the peptidase activity of crude extracts Bacterial peptidases frequently require metal ions for activity (Sarid, Berger & Katchalski, 1959 ,1962 Simmonds & Toye, 1967; Yaron & Mlynar, 1968; Simmonds, 1970; Sussman & Gilvarg, 1970; Vogt, 1970) . Using diglycine as substrate, a potentiating effect was also observed here when crude extracts were supplemented with certain cations (Table I) . Of the divalent cations tested, Co2+ and Mn2+ specifically activated the cleavage of diglycine approximately 500 and 60 times respectively. With the present assay procedure cation stimulation was immediate, and there appears to be no advantage in prolonged activation procedures as are required, for example, with leucine aminopeptidase (Smith, 1951) . The cations Mg2+, Zn2+, Fez+, Ni2+, Cu2+, Cd2+, and K+ were all without significant potentiating action, while Cd2+ and Zn2+, and to a lesser extent Cu2+, all antagonized the activation by Co2+ and Mn2+. These observations on the inhibitory properties of Zn2+ and Cdz+ extend the findings of others (Sarid et al. 1962 ; Simmonds, 1970; Vogt, 1970) . The studies were extended to divaline and to prolylglycine and the effects of Co2+ and Mn2+ concentration on the cleavage of all three peptides is shown in Fig. I and 2. For Co2+ activation (Fig. I ) in phosphate buffer, optimum cation concentration was within a narrow range around I mM for all three substrates; in tris buffer the optimum Co2+ concentration for the cleavage of diglycine was somewhat higher, about 5 mM. In all cases, higher concentrations of Co2+ led to marked inhibition of activity. With Mn2+ as activator (Fig. 2) , the variation of activity (towards different substrates) as a function of concentration was greater than was observed with Co2+. For example, in phosphate buffer, diglycine and divaline both showed optimal cleavage around I mM-Mn2+, whereas maximum cleavage of prolylglycine required about 7 mM-Mn2+.] In contrast to Co2+ activated cleavage, the Mn2+ activated1 hydrolysis of diglycine showed the same rate and concentration dependence in tris as in phosphate buffer. Although a high ionic strength is required by certain carboxypeptidases (Smith, 195 I) , the results with added K+ ions indicated that with neither Co2+ nor Mn2+ did high ionic strength stimulate hydrolytic activity, in fact the opposite was observed (Table I) ; this result therefore argues against the routine inclusion of K+ or Na+ in assay mixtures.
Eflect of EDTA on peptidase activity When tested in phosphate buffer pH 7'5, the addition of EDTA (0.05 to 0.20 mM) slightly stimulated the Co2+ (I mM) activated hydrolysis of diglycine and stimulated the Mn2+ (I mM) activated cleavage more (Table I) . On further increasing the EDTA concentration to 0.5 mM the rate of both Mn2+ (I mM) and Co2+ activated cleavage decreased.
EfSect of cysteine on peptidase activity
Cysteine activates certain proteases (Smith, 195 I) , and peptidases (Stone, 1953) but inhibits others, e.g. leucine aminopeptidase (Smith, 195 I) . Using the extracts here (Table 2) , cysteine alone (5 mM) did not stimulate hydrolysis of diglycine, or divaline or prolylglycine; on the contrary it slightly inhibited the Mn2+ activated cleavage of these dipeptides and markedly inhibited the Co2+ activated hydrolysis. The inhibition with Co2+ presumably arises from reduction of the free cation concentration as a result of cysteine-Co2+-complex formation (Michaelis & Schubert, 1930) . ) by crude extracts. Incubation mixtures ( I ml) contained peptide (7.5 mM) and either potassium phosphate pH 7 3 (20 mM) or tris-HC1 pH 7.9 ( 2 0 mM), and indicated amounts of Co2+; crude extract was added to give, with divaline, prolylglycine and diglycine, approximately 300, 150 and 20 p g proteinlml respectively. Peptidase assays were performed as described in Methods. 0, Potassium phosphate; A, tris-HC1. Fig. 2 . The effect of Mn2+ concentration on the cleavage of divaline (a), prolylglycine (b), and diglycine (c) by crude extracts. Incubation mixtures contained peptide ( 7 5 mM) and either potassium phosphate pH 7.5 ( 2 0 mM) or tris-HCl pH 7.9 (20 mM), and indicated amounts of Mn2+; crude extract was added to give with divaline, prolylglycine and diglycine approximately I 500, 750, and 75 ,ug protein/ml respectively. Peptidase assays were performed as described in Methods. 0 , Potassium phosphate; A, tris-HC1.
Eflect of p H and buffer on C o 2~ activated peptidase
The effects of pH on the Co2+ activated cleavage of diglycine, divaline and prolyglycine are shown in Fig. 3 . The diglycine-splitting enzyme was active over a wide pH range, with a broad maximum around pH 7.8 (Fig. 3c) . However, although the buffers used provided overlapping pH profiles, for a given pH the absolute activities varied greatly depending on the nature of the buffer used. Certain aspects of the influence of buffers on peptidase activity were studied further and the results are shown in Table 3 . For example, with diglycine as substrate, the activity in phosphate was about five times greater than that measured in tris-HC1, and this difference was preserved over a range of pH values (Fig. 3) and at various concentrations of Co2+ (Fig. I) . The cleavage of divaline and prolylglycine was also maximal in phosphate buffer although the enhancement was not so marked as with diglycine. The reason for the stimulatory effect of phosphate is not known but did not arise from its ability to reverse possible inhibition by contaminating Ca2+ ions, as has been reported for other peptidases (Smith, 1951 ; Kenny, WongLeung & Ingram, 1968) ~ for the addition of Ca2+ ions was without effect on activity ( Table I) . With tris, decreasing its concentration did not lead to greater activity, neither did increasing its concentration further reduce the rate of diglycine hydrolysis, suggesting that tris per se was not inhibitory (Table 3) . In fact, increasing the concentration of tris from 20 to 80 mM increased the hydrolysis of diglycine, whereas a similar increase in the concentration of phosphate buffer decreased cleavage (Table 3) . On the other hand, the addition of phosphate ions to the tris buffer markedly stimulated the diglycine splitting activity. Verona1 buffer inhibited the Co2+ activated cleavage at all pH values tested (Fig. 3) , and in this case activity could not be restored by addition of phosphate ions to the incubation mixture.
Efect of p H and bufler on Mn2+ activated peptidase The Mn2+ activated cleavage of diglycine, divaline and prolylglycine (Fig. 4) occurs over a wide pH range with an optimum in each case at about pH 8. In contrast to the variable activities found with Co2+, when Mn2+ was used essentially equal activities were observed for a given pH irrespective of the buffer used. It is especially noteworthy that the activity was in no way inhibited by veronal. Increasing the concentration of tris in the incubation mixture slightly increased the activity at all pH values tested, whereas a decrease in hydrolysis resulted from comparable increases in the concentration of phosphate buffer ( Table 3) .
The eflect of substrate concentration on Co2+ peptidase activity The variation in the rates of cleavage of diglycine, prolylglycine and divaline as a function of dipeptide concentration is shown in Fig. 5 . In each case, over an appropriate concentration range the relationship between the extent of hydrolysis and the substrate concentration was linear in short-duration experiments. The enzymes appear to be saturated at substrate concentrations of approximately 2.5, 3, and 6 mM for divaline, prolylglycine and diglycine respectively. In most standard incubation mixtures, the dipeptides were used at concentra-J. W. PAYNE 
EJffect of substrate concentration on Mn2f peptidase activity
This was studied using diglycine as substrate (Fig. 6) . In short-duration experiments, a linear relationship again exists between the amount of glycine released and the substrate concentration within an appropriate concentration range, with the enzyme apparently saturated at substrate concentrations in excess of 6 mM. A Lineweaver-Burk plot of the data indicates an apparent K, of 9.1 x I O -~ M.
Eflect of protein concentration on Co2f activated cleavage of diglycine For short incubation periods (20 min), the relationship between the amount of glycine liberated and the amount of protein present in the reaction mixture was linear up to about 0.1 mg of protein/ml. The substrate specificities of the Co2+ and Mn2+ activated peptidases One reason for selecting diglycine, divaline and prolylglycine for study was the assumption that their cleavage by crude extracts was likely to be effected by separate peptidases of limited specificities. However, the results presented so far suggest that the Co2+ (and perhaps also the Mn2+) activities may well reside in only one enzyme, unless several peptidases of remarkably similar properties are present. Isolating and purifying the individual peptidases was outside the present objectives of assessing the main peptidase activities of the bacteria, but to study this aspect further we measured the effects of Co2+ and Mn2+ on the cleavage of a wider selection of dipeptides. Several general conclusions emerge from the data shown in Table 4 . First, the crude extracts displayed uniformly low activity towards a broad spectrum of dipeptides ; secondly, Co2-+ dramatically stimulated the hydrolysis of all cc-linked peptides tested but to extents that vary with the nature of the peptide substrate; thirdly, Mn2+ stimulates the cleavage of only a few of the peptides tested and with these to a lesser extent than found with Co2+. The effect of Mn2+ upon the cleavage of peptides containing basic amino acids seems to be minimal; the greatest stimulation occurred with peptides that possess neutral residues only. Neither Co2+ nor Mn2+ stimulated cleavage of the p-or y-linked peptides tested.
Characterization of dipeptidases from E. coli

DISCUSSION
While studying peptide transport in Escherichia coli we became interested in the growth of amino acid auxotrophs on peptides (Payne, 1g71a, b ; Payne & Gilvarg, 1g71) , and in the Characterization of d@eptiduses fiom E. coli 277 general role of peptidases in the bacterial utilization of peptides. The subject of the transport and utilization of peptides in bacteria has recently been reviewed (Sussman & Gilvarg, 1971) .
The peptidases of Escherichia coli appear to be truly intracellular and are neither released by osmotic shock (Van Lenten & Simmonds, 1967) nor by sphaeroplast formation (Matheson & Murayama, 1966; Simmonds & Toye, 1966; Van Lenten & Simmonds, 1967) . Upon disruption of the organism these intracellular peptidases may be characterized further either as ribosomal (Dick, Matheson & Wang, 1g70) , or soluble (Stone, 1953; Sarid et al. 1959 Sarid et al. , 1962 Vogt, 1970; Sussman & Gilvarg, 1970 . In this paper we have investigated only the soluble peptidases that are found in the supernatant extract after disruption of the bacteria; previous studies indicate this to be the major source of cellular peptidase activity (Simmonds, 1970) . Although earlier studies have provided evidence for a number of peptidases of varied substrate specificities, and several of these enzymes have been purified and characterized, our aim here was to study the peptidase complement of the extract with a view to assessing the most active peptidases towards several dipeptides used as nutrients for amino acid auxotrophs (Payne, 1971 a, b) . It is presumed that the enzymes that display the greatest peptidase activity in vitro towards certain peptides are likely to be the peptidases that play the most important role in the utilization of these same peptides by cultures of auxotrophic bacteria. Three dipeptides were selected as being structurally rather dissimilar and likely therefore to be mainly cleaved by dipeptidases of differing substrate specificities. The characterization of such peptidases forms a necessary preliminary to studies of the variation of peptidase activity with growth conditions (Payne, 1972) . The results suggest that the predominant hydrolytic activity towards all three dipeptides probably resides in a single Co2+ activated peptidase, although confirmation of this would require fractionation of the crude extract. The observations with the three dipeptides that suggest a low substrate specificity are reinforced by the further studies (Table 4 ) with the selection of dipeptides that contain a broad spectrum of amino acid types; in all cases Co2+ significantly stimulated hydrolysis. Several facts indicate that the Mn2+ activated hydrolysis derives from a distinct Mn2+ activated enzyme(s) rather than from an inferior activation by Mn2+ of the Co2+ enzyme(s); the most important of these are the following: first, the activity towards diglycine, when Co2+ (I mM) and Mn2T (I mM) are present together, essentially equals the sum of the individual activities when they are tested separately (Table I) ; second, veronal buffer inhibits the Co2+ activated cleavage while permitting normal Mn2+ activated hydrolysis; and third, although phosphate enhances the Co2+ cleavage it is without specific effect on Mn2t-cleavage.
Comparison of the results here with those of other workers indicates that the Co2+ enzyme, which in our hands appears to be the most active peptidase in Escherichia coli, has yet to be purified and characterized. Sussman & Gilvarg (1970) described a Co2+ activated dilysine peptidase from E. coli but this was only partially purified and its activity towards other substrates was not tested. Simmonds & Toye (1967) showed that a peptidase present in the soluble portion of an extract of E. coli K12 was activated by Co2+, but they did not make detailed studies of this activity and concentrated instead upon the Mn2+ activated peptidases (Simmonds & Toye, 1966 Van Lenten & Simmonds, 1967; Simmonds, 1970) . Simmonds and her co-workers were studying a different strain of E. coli, although the peptidase complement of different strains of E. coli does appear to be very similar (see later and Sussman & Gilvarg, 1970) .
A number of Mn2' activated peptidases have been reported in Escherichia coli extracts and several have been isolated (Stone, 1953; Sarid et al. 1962; Simmonds & Toye, 1966 Van Lenten & Simmonds, 1967; Yaron & Mlynar, 1968; Simmonds, 1970; Vogt, 1970) . It is likely that the Mn2+ activated hydrolysis described here resides in one or more of these enzymes; certainly, the results of the Mn2+ concentration studies (Fig. 2 ) and the substrate specificity results (Table 4) are consistent with the presence of several Mn2+ enzymes.
Further studies with veronal suggest that its inhibitory effect is not an artifact of the assay procedure, neither does it significantly sequester Co2+ ions, and it seems more likely to be affecting the enzyme itself. Verona1 has often been used for assays of Escherichia coli peptidases (Sarid et al. 1959 (Sarid et al. , 1962 Nishi & Hirose, 1966; Yaron & Mlynar, 1968) . In further studies therefore we compared the activities of both sonic extracts and toluene-treated organisms from batch-grown strains of E. coli B, K I~ and w towards diglycine, divaline and prolylglycine. In all cases, Co2+ greatly enhanced cleavage of the dipeptides, the activities were greatest in phosphate buffer, and low activities (about 10 %) were observed in veronal. In general therefore, veronal appears to be an unsuitable buffer, although it could be useful for assaying other peptidases, e.g. isolation of a specific proline iminopeptidase was probably facilitated by using veronal and therefore inhibiting hydrolysis of the substrate prolylglycine by the more active Co2+ peptidase (Sarid et al. 1959) .
These results therefore provide an assessment of the effects of incubation conditions on the measurement of Escherichia coli peptidase activity, and indicate procedures for optimal expression of the major peptidase activities that are found in a crude extract. The fact that the Co2+ and Mn2+ activated enzymes retain about 90 % of their activities towards all three dipeptides after storage at -20 "C for three months in phosphate pH 7 (10 mM), should encourage further work on the isolation of the individual activities.
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